In this work, we describe the insertion of a water-soluble bisadduct fulleropyrrolidine derivative into the interlayer space of three layered smectite clays. The composites were characterized by a combination of powder X-ray diffraction, transmission electron microscopy, X-ray photoemission and FTIR spectroscopies, and laser flash photolysis measurements. The experiments, complemented by computer simulations, give insight into the formation process, structural details, and properties of the fullerene/clay nanocomposites. The reported composite materials constitute a new hybrid system, where C60 differs from its crystals or its solutions, and open new perspectives for the design and construction of novel C60-based organic/clay hybrid materials.
Introduction
Smectite clays are a class of layered aluminosilicate minerals with a unique combination of swelling, intercalation, and ion exchange properties that make them valuable nanostructures in diverse fields. 1,2 Their structure consists of an octahedral alumina layer fused between two tetrahedral silica layers. Smectite clays have a cation exchange capacity, which depends on the substitution of low-valent atoms, such as Mg 2+ for Al 3+ in the octahedral sheet, and Al 3+ for Si 4+ in the tetrahedral sites. As a consequence, the layers are negatively charged and neutrality is obtained, for example, by hydrated cations present in the galleries. The intercalation process in these systems is equivalent to ion exchange and, unlike for intercalation compounds of graphite, it does not involve necessarily charge transfer between the guest and host species. These materials have the natural ability to adsorb organic or inorganic guest cationic species (and even neutral molecules) from solutions, and it is this cation "storage" that gives unique properties to clay minerals, which can be used as catalysts, 3 templates 4 in organic synthesis, or as building stones for composite materials. [5] [6] [7] The nature of the microenvironment between the aluminosilicate sheets regulates the topology of the intercalated molecules and affects possible supramolecular rearrangements or reactions, such as selfassembling processes that are usually not easily controlled in the solution phase. [5] [6] [7] Fullerenes have been extensively studied during the past decade. 8 for their use in several applications, especially in those based on optical and electronic properties, arise from difficulties in processibility and incorporation into various solid matrices, such as polymers, glasses, metals, and other materials, since the low solubility of fullerenes in different solvents is a serious obstacle. Organic derivatization of fullerenes can help solubilization both in organic solvents and in water and also influence their properties. 9 The chemical functionalization of the fullerene sphere produces a large number of different derivatives that combine the desirable properties of C 60 with the solubilizing power of the side chains. One of the most versatile addition reactions is the [1,3]-dipolar cycloaddition of azomethine ylides, which produces the so-called fulleropyrrolidines, in which the nitrogen and/or carbon atoms in the pyrrolidine ring can be variously functionalized. 10 However, except in few cases, 11 even with very polar functionalizing chains, the water solubility is often very low partly due to aggregation since the spheres tend to stick together in micelle-like aggregates. 12 In principle, one way to avoid aggregation and to increase solubility is to produce polyadducts of C 60 . 13 In the case of fulleropyrrolidines, bisadduct derivatives of C 60 with polar fragments, such as oligoethylene glycol chains with positively charged amino groups, showed the highest solubility in aqueous solvents ever reported for fullerene derivatives. 14 The polar chains distribute more or less homogeneously around the spheroid, thus improving the solubility, while the presence of positive charges creates a repulsive effect between the spheres, thus preventing aggregation in aqueous solution.
The incorporation of C 60 into porous or layered materials is a nontrivial task, and the study of these composites can offer helpful answers concerning the utilization of fullerenes and their derivatives for possible applications. In addition, it can be examined whether fullerene derivatives can form novel structures where the molecules are ordered in one or two dimensions, and how the presence of a molecule changes the basic properties of the bulk material. Moreover, the C 60 -based organic/clay hybrid materials may possess interesting photophysical characteristics and thus enable the development of photofunctional devices in the form of anisotropic thin films on metallic or glass surfaces. 7 A further challenging goal is the possibility of direct C 60 functionalization using clays. The 30 double bonds of C 60 can be easily functionalized in many types of organic reactions. The presence of so many reacting bonds creates numerous isomers and increases the difficulties in the separation and characterization of the products. However, when a fullerene is placed between the clay layers, a part of the cage surface is protected and some double bonds are hidden to any reaction. The interlayer space of clay is therefore expected to induce selective reactivity, while it may also be interesting to study the fullerene reactivity in a microenvironment, such as the interior of the clay. Finally, fullerene derivatives grafted to aluminosilicate layers are attractive for polymer reinforcing applications. One would expect that the combined action of clay and fullerene derivatives in polymer matrices could provide novel functionalities to the resulting composite materials. In particular, the inherent electronic properties of C 60 as a component of polymer composites could produce materials with enhanced static dissipation, better electromagnetic compatibility, and improved thermal conductivity.
The incorporation of pure C 60 into porous materials, such as molecular sieves 15, 16 and layered double hydroxides (LDH), [17] [18] [19] has been extensively studied. Keizer et al. 15 reported the trapping of C 60 in 13 Å molecular sieves through gas-phase absorption and the occurrence of C 60 -radical ions. Hamilton et al. 18 described the incorporation of C 60 into channel-shape porous sieves VPI-5 from benzene solutions. The composite showed strong white light emission arising from the C 60 molecules. Finally, Cheng et al. 19 showed that pure C 60 molecules adsorbed into LDH, with dodecyl sulfate counterions, do not rotate as freely as in the pure solid form. Mehrotra and Giannelis 20 incorporated water-soluble ethylenediamine-functionalized fullerene into mica-type silicate layers through ion exchange.
Recently, 21 we described the insertion and the subsequent behavior of three fulleropyrrolidine monoadduct derivatives, positively charged and slightly soluble in water, into the interlayer space of an aluminosilicate-layered mineral. Organophilic derivatives were intercalated into organically modified clays, while slightly water-soluble fulleropyrrolidines were introduced into the clay galleries through ion exchange. The experiments, complemented by computer simulations, showed that not all the clay-clay platelets are intercalated by the fullerene derivatives (probably due to low solubility of the guest molecules) and that a sizable amount of charge transfer takes place between the host and the guests.
In this work, we report the successful incorporation of a highly water-soluble bisadduct fulleropyrrolidine derivative into three different clays by ion exchange. The clay/fulleropyrrolidine composites were characterized by a combination of powder X-ray diffraction, transmission electron microscopy, X-ray photoemission and FTIR spectroscopies, and laser flash photolysis measurements. The experiments, complemented by computer simulations, give insight into the formation process, structural details, and properties of the fullerene/clay nanocomposites.
Experimental Section
Host Layered Materials. Three different smectites with different particle size and cation exchange capacity were used in this study. The first was a natural Wyoming montmorillonite (SWy-1) obtained from the Source Clay Minerals Repository, University of Missouri, Columbia. The clay was fractioned to <2 µm by gravity sedimentation and purified by well-established procedures in clay science. 22 Sodium-exchanged samples (Na + -SWy-1) were prepared by immersing the clay into 1 N solution of sodium chloride. Cation exchange was complete by washing and centrifuging four times with dilute aqueous NaCl. The samples were finally washed with distilled deionized water and transferred into dialysis tubes in order to obtain chloride-free clays and then dried at room temperature. The second clay, a synthetic sodium-saturated montmorillonite Kunipia F (KUN) was purchased from Kunimine Industries Co. (Japan). Finally, the third smectite was a synthetic trioctahedral hectorite, Laponite RD (Lap), produced by Laporte Industries Ltd. The chemical formulas and some properties of the three clays are summarized in Table 1 .
Synthesis of the Water-Soluble Bisadduct Fullerene Derivative. The fullerene derivative (see Figure 1) , referred here as bis-C 60, was prepared as previously reported.
14 Its solubility in water is 2 × 10 -2
M.
Preparation of Clay/Bisadduct Fullerene Derivative Composites. A saturated brown-colored water solution of 2 mg of bis-C60 in water was mixed with a suspension of 5 mg of the corresponding layered materials in 2 mL of distilled water. This amount corresponds to 1, 1.4, and 2.2 times the CEC for KUN, SWy, and Lap clays, respectively. The mixtures were stirred at room temperature for 12 h (no color was observed at the supernatant after 2 h of stirring). The residue, separated by centrifugation, was washed five times by water and air-dried over a glass plate (products: bis-C 60/SWy, bis-C60/KUN, and bis-C60/Lap).
Powder X-ray Diffraction (XRD). The XRD patterns were collected on a D8 Advance Bruker diffractometer by using CuKR (40 kV, 40 mA) radiation and a secondary beam graphite monochromator. The patterns were recorded in the 2-theta (2Θ) range from 2 to 80°, in steps of 0.02°and counting time of 2 s per step. Samples were in the form of films supported on glass substrates. For the preparation of the films, aqueous suspensions of bis-C 60/clay nanocomposites were deposited on glass plates, and the solvent was allowed to evaporate slowly at ambient temperature.
FTIR Spectroscopy. Infrared spectra were measured with a Bruker EQUINOX 55S infrared spectrometer, in the region of 400-4000 cm -1 , equipped with a deuterated triglycine sulfate (DTGS) detector. Each spectrum was the average of 200 scans collected at 2 cm -1 resolution. Samples were in the form of KBr pellets containing ca. 2 wt % sample.
X-ray Photoemission Spectroscopy (XPS).
For the XPS measurements, evaporated gold films supported on glass (Arrandee, Germany) were used as substrates. They were cleaned in an ozone discharge (UVOzone Photoreactor TM PR100, Ultra Violet Products) for 15 min and sonicated in ethanol for 20 min immediately before being employed. Pure clays and clay/fullerene nanocomposites were dispersed in distilled deionized water (1 wt %), and after stirring and sonication for 30 min, a small drop of the suspension was left to dry in air onto the substrate. Additionally, bis-C 60 alone (suspended in dichloromethane) was prepared in the same way as a reference material.
Samples were introduced via a load lock system into a SSX-100 (Surface Science Instruments) photoelectron spectrometer with a monochromatic AlKR X-ray source (hν ) 1486.6 eV). The base pressure in the spectrometer was 4 × 10 -10 Torr during the measurement of bis-C60 and 1 × 10 -9 Torr during the measurements of the clays and the bis-C60/clay composites. The energy resolution was set to 1.16 eV to minimize measuring time. The photoelectron take off angle was 37°. An electron flood gun providing 0.3 eV kinetic energy electrons in combination with a Au grid placed 1 mm above the sample was used to compensate for sample charging. All binding energies of the clays and bis-C60/clay composites were referenced to the Si 2s core level of smectite clay at 153.4 eV. 23 Binding energies of bis-C60 were referenced to the C 1s core level of the C60 cage at 285.2 eV. 24 For elements of bis-C60 inside the clay, the binding energies had to be corrected by +0.6 eV in order to compensate for the different final state screening caused by the negative charge of the clay surface. Spectral analysis included a Shirley background subtraction, 25 and peak deconvolution employing Gaussian-Lorentzian functions, in a least squares curvefitting program (WinSpec) developed at the LISE, University of Namur, Belgium. For the N 1s line, however, we had to employ a linear background subtraction since low peak intensity did not allow for a Shirley background subtraction.
Transmission Electron Microscopy (TEM).
A few milligrams of each bis-C60/clay composite was dispersed in ethanol, and one droplet was put onto a holey carbon TEM grid, left to dry, and examined in a JEOL 200CX microscope working at 200 kV. The images are typical and representative of the samples under observation.
Laser Flash Photolysis. Nanosecond laser flash photolysis experiments were performed with laser pulses from a Qunta-Ray CDR Nd: YAG system (355 nm, 20 ns pulse width). All the experiments were performed at room temperature. Samples were prepared by depositing a drop of a 10 wt % aqueous suspension of bis-C 60/clay onto a 1 × 1 cm quartz substrate and processing it into a uniform film using a spincoater (Chemat tech., KW-4A).
Computer Simulations. A model montmorillonite structure already used in a previous intercalation study 21 was set up. The unit cell was Na[(Si16)(Al7Mg)O40(OH)8] in the P1 space group (see cell coordinates in Supporting Information). The only atomic substitutions considered were Mg/Al (no Si/Al or Fe substitution). To identify the preferential anionic sites, several geometry optimizations were performed varying the cations' distributions between the two separated surfaces and also varying the cations' initial distance from the surface. The best cation arrangement is characterized by half cations on one surface and the other half on the other delaminated surface. The cations lie in the hexagonal cavities. Periodic boundary conditions were applied, and the geometry was optimized with the only constraints of fixed OH distances and fixed c axis of the cell. The typical clay simulation cellsnot the unit cellscontained 1458 plus one or more bis-C60. The parameters were a ) 30.72 Å, b ) 53.75 Å, c ) dependent on the simulation, R ) 90.0°, ) 99.1°, γ ) 90.0°. The c axis was varied in different simulations, but kept constant for a given simulation to modify the separation between the clay sheets. In practice, the simulation box contains a single clay platelet plus the molecules. The second clay layer was introduced through the periodic boundary conditions. Calculations were performed with a modified version of the Tinker 26 program, which has found several applications in our work. 12, 27 The clays were described with a molecular mechanics force field that was used before for mica and clay interactions with organics. 21, 28 Missing partial charges were calculated with the CHELPG model at the B3LYP/6-31G* level. They were Npyridinium ) 0.237, Cmethyl ) -0.320, Hmethyl ) 0.155 for a methylpyridinium and Nammonium ) -0.244, Hammonium ) 0.313, Cmethyl ) 0.305 for a methylammonium. Intercalation of the C60 bisadducts was achieved through the concomitant initial removal of the cations closest to the charged nitrogen atoms of the molecules. The subsequent calculations allowed the remaining cations to rearrange freely.
Results and Discussion
It is well-known that positively charged molecules can be introduced into the interlayer space of layered clay minerals by a simple ion exchange procedure. Charge balancing cations, such as Na + , are replaced by the organic cations, and this is, in general, an easy and convenient method for the intercalation of organic cations soluble in water into the lamellar space of clay minerals. The newly introduced organic cations are held strongly by electrostatic forces between the large organic cations, and the negatively charged clay surfaces and the final conformation depend on the shape, size, and total charge of the organic cations and also on the charge density of the clay surface. The introduction of organic cations increases the organophilicity of the clay mineral and produces organoclays, which become dispersible in organic solvents.
In this work, three different clays of the smectite group with different structural and physical parameters were used, and the influence of these parameters on the fullerene adsorption was investigated. The three layered silicate clays show different layer charge density. Lap, a synthetic trioctahedral smectite, is characterized by relatively low CEC (0.48 molar equiv/g), while the CECs of the two montmorillonites, SWy-1 and KUN, are 0.76 and 1.19 molar equiv/g, respectively. Since exchangeable cations balance the negative surface charge, the CEC values reflect the density of the layer charge. Hence, Lap, SWy-1, and KUN represent the series of layered silicates of low, medium, and high charge densities, respectively. SWy-1 and KUN, though of different CECs, are similar structurally, having a dioctahedral configuration in octahedral sheets which is due to the presence of two occupied AlO 4 (OH) 2 per one vacant octahedron. The negative layer charge of SWy-1 and KUN arises mainly from isomorphous substitutions of Al(III) by Mg(II) in octahedrons and only partially of Si(IV) by Al(III) in tetrahedrons. 2 Lap has trioctahedral configuration in octahedral sheets (three occupied octahedrons), and the negative layer charge arises from isomorphous substitutions of Mg(II) central atoms in MgO 4 (OH) 2 polyhedrons by Li(I). The composition and structural differences affect acid/base properties of smectites. In dispersions, Laponite is more basic because of the hydrolysis of the octahedral sheets at the edges of the clay particle. 29 The basic properties of these clays were observed experimentally. We measured the pH of freshly prepared clay suspensions of the same concentrations (0.02 wt %). In the case of Lap, the pH was 9.8, a value significantly higher than those observed for KUN and SWy-1 suspensions of the same clay concentrations (9.0 and 7.8, respectively).
The incorporation of positively charged and highly soluble fulleropyrrolidine bisadduct into the interlayer space of the three unmodified clays (Na + -homoionic forms) was carried out in aqueous clay suspensions. When Na + -clay suspended in water was mixed with a brown-colored water solution of the ionic fulleropyrrolidine, the supernatant became colorless after 2 h of stirring at room temperature, indicating a successful and fast exchange. The protonated fullerene cations are readily adsorbed by ion exchange onto the clay surfaces. The monovalent Na + -exchanged cations are replaced easily by the protonated fulleropyrrolidine molecules according to the reaction where the bold lines represent the clay platelets, which are estimated to have a thickness of 9.6 Å. 5 The preference of organic cations over alkali or alkaline earth cations on 2:1 layer silicate is attributed to the combined action of electrostatic forces between the large organic cations and the negatively charged clay surfaces and van der Waals interactions between the alkyl chains of the fullerene derivative and the siloxane surface. 30 X-ray diffraction measurements represent a powerful way to understand the changes in the interior of the clay microenvironment since the interlayer distance can be estimated by measuring the d 001 spacing. The XRD data (Figure 2) show an increase of the basal spacings (d 001 ) of the three clays after insertion of bis-C 60 . More specifically, in the case of SWy, the basal spacing d 001 , which is 12.2 Å in the pristine clay, becomes 18.8 Å in the modified clay, which corresponds to an intersheet separation of 18.8 -9.6 ) 9.2 Å. The diameter of C 60 is ∼7 Å. Each pyrrolidine ring, with its flexible side chain, must therefore occupy a space of slightly more than 1 Å. In practice, this makes it impossible for the rings to be perpendicular to either of the siloxane sheets that sandwich the molecule. Moreover, the distance between the methylated nitrogen of a pyrrolidine and the terminal amino group of the side chain is 8-9 Å, a value lower than the calculated 12.5 Å free distance between two negative sites in a clay with CEC of 80 molar equiv/100 g of clay. 31 The conclusion is that only one layer of protonated fullerene derivatives is accommodated between the montmorillonite layers and that the flexible organic chains must be lying almost parallel to the layers; see further discussion below. The results for the other clays are analogous. XRD pattern of bis-C 60 /KUN shows a d 001 spacing of 19.2 Å, which corresponds to an intersheet separation of 9.6 Å. The interlayer distance in this case is slightly higher than the SWy due to higher CEC of KUN montmorillonite. In the case of bis-C 60 /Lap, the d 001 peak is broad due to low aspect ratio of Laponite. Thus, the d spacing was calculated with relative low accuracy and found to be ∼19.5 Å (interlayer space ) 9.9 Å). Employing the Debye-Scherrer equation, t ) Kλ/ cos θ, where t is the crystalline thickness (or mean crystalline dimension), K is a constant near unity for clays (K ) 0.91), λ is the wavelength of X-rays (λ ) 1.5418 Å), θ is the angular position of the first diffraction peak, and is the broadening of the 001 line diffraction line (calculated at full width at half of the peak height and expressed in radians), the crystalline thickness of the bis-C 60 /clay nanocomposites can be estimated. The crystalline thickness was found 195.3, 151.8, and 44.9 Å for SWy, KUN, and Lap, respectively. The average stacking height of the layers can be estimated by the formula N ) t/d, where N is the number of diffracting layers along the c axis and d is the 001 spacing of one layer (in Å). The average stacking height in the bis-C 60 / SWy and bis-C 60 /KUN systems was 11 and 8, respectively. In the case of bis-C 60 /SWy, this value is almost doubled relative to pure SWy (N ) 5-6). Interestingly, these values are remarkably larger, compared to other clay/organic systems. Clearly, the fullerene molecules play an important role in adjusting the layer spacing and hence improving the layer correlation length. However, the absence of higher order reflections (00l) suggests that the clay layers are not stacked in perfect registry, but that they have slipped sideways and are turbostratically disordered. Turbostratic is a type of crystalline structure where the basal planes have slipped sideways relative to each other, causing the spacing between planes to be greater than ideal. Similar turbostratic behavior has been observed in other layered materials, such as pyrolitic graphite and V 2 O 5 xerogel. 32 The XPS analysis (see below) gave additional evidence for the existence of these turbostratic structures. Finally, in the case of bis-C 60 /Lap system, the stacking height is poor (N ) 2) due to low aspect ratio of Laponite.
Another important information derived from the XRD patterns of the three bis-C 60 /clay nanocomposites was the absence of reflection peaks of the crystalline phase of bis-C 60 in the 2Θ region 2-80°. This indicates that the bis-C 60 molecules were not aggregated or absorbed on the external clay surfaces but lying in the interlayer space of the phyllomorphous materials.
The FTIR spectra of the bis-C 60 /clay composites (Figure 3 ) present the characteristic bands of the fulleropyrrolidine bisadduct and of the clay, without significant changes, confirming the presence of bis-C 60 in the clay minerals. Bis-C 60 /SWy shows peaks at 3625 cm -1 (clay lattice -OH stretching vibrations), 3427 cm -1 (adsorbed H 2 O deformation), 2918 and 2847 cm -1 (-CH 2 -, -CH 3 stretching vibrations of fullerene organic chain), 1633 cm -1 (H 2 O bending), 1460 and 1430 cm -1 (-CH 2 -, -CH 3 , and -NH bending vibrations), and 1052 cm -1 (clay lattice Si-O and Si-O-Si vibrations). Similar spectra are observed for the bis-C 60 /KUN (bands at 3625, 3427, 2924, 2853, 1635, 1458, 1433, and 1048 cm -1 ) and bis-C 60 /Lap (bands at 3683, 3425, 2923, 2858, 1637, 1457, 1063, and 1009 cm -1 ).
The starting materials (bis-C 60 , SWy, KUN, Lap) and the produced bis-C 60 /clay composites were studied using X-ray photoemission spectroscopy (XPS). XPS is a direct method to investigate how bis-C 60 binds to the siloxane interface but also to give quantitative information about the elemental composition of the nanocomposites. This technique has been successfully applied to study the organic functionalization of C 60 , 33 as well as the interaction of organic molecules with clay minerals. 34 Figure 4 shows the XPS survey spectra of bis-C 60 (a), bis-C 60 / SWy (b), and Na-SWy (c). As labeled in spectrum (c), characteristic photoelectron and Auger peaks of O, Si, Al, and Mg are clearly distinguishable in pristine montmorillonite clay. A small carbon peak appears, mainly due to contamination from carbon species always present on the outer surface of air exposed materials, 35 but also due to soil organic matter present in the natural clay minerals. 36 After the insertion of bis-C 60 ( Figure  4b ), a pronounced increase in the intensity of the carbon signal due to the presence of fulleropyrrolidine bisadduct inside the clay galleries is observed. On the other hand, the cross section for nitrogen is very low, and therefore it cannot be distinguished in the overview spectrum; however, detailed scans of the N 1s region (see below) clearly reveal its presence. The case is different for Cl and I anions: these elements are absent in the organoclay and cannot be detected even after detailed scans. XP spectroscopy provides not only qualitative but also quantitative information; the peak areas normalized with the atomic sensitivity factors 37 are proportional to the amount of the corresponding atoms within the sampling depth. The chemical composition of pristine clays and bis-C 60 /clay nanocomposites are given in Table 2 . The relative atomic concentrations of the elements present in the pristine clays, calculated from XPS, are in agreement with the bulk atomic abundances of the elements obtained from the nominal compositions of Lap SWy and KUN (Table 1 ). The increase in the amount of carbon indicates the existence of the fullerene derivative in the final clay composites. The absence of chloride and iodide counterions in the bis-C 60 /clay composites is an additional evidence of the intercalation of fulleropyrrolidine bisadduct inside the clay galleries since these anions cannot enter the negatively charged surfaces of the clay minerals. The positively charged nitrogen groups of bis-C 60 are now balanced by the negative siloxane surfaces of the clay minerals. The most convincing evidence for the successful cation exchange process comes from the nitrogen signals in the bis-C 60 /clay composites. From the amount of nitrogen, we can calculate how much bis-C 60 is incorporated in the clay galleries. We find ∼0.24, ∼0.32, and ∼ 0.17 bis-C 60 molecules per formula unit of SWy, KUN, and Lap. If we consider four positive charges on the bis-C 60 molecule, these amounts are 30-40% higher than expected from the CEC of the respective clays. There are two possible explanations of this behavior: (i) most probably, there is a partial deprotonation of the amine groups, which results in higher amount of adsorbed molecules, or (ii) this extra amount arises from bis-C 60 hosted in the interlayer space of the clays in the form of physically adsorbed ion pairs. 31 To distinguish between these two possibilities, we focused on the N 1s photoemission signal. The knowledge of the chemical state of nitrogen in the clay/ fullerene derivative composites is of great importance in order to understand the nature of the interactions between the clay surfaces and the positively charged nitrogen groups of the functionalized fullerene. Figure 5 shows the N 1s core level emission spectra of pure bis-C 60 and of the three bis-C 60 /clay composites. The spectrum of pure bis-C 60 (Figure 5a ) is fitted to the experimental data (constrained by the theoretical intensity ratio) assuming a molecule with two distinct chemically shifted N 1s core level emissions, occurring at 403.0 and 401.8 eV. The peak at 403.0 eV is assigned to the nitrogen of the pyrrolidinium group, while the peak at 401.8 eV is arising from the protonated amine end group (-NH 3 + ) of bis-C 60 . 38, 39 On the other hand, the XPS spectra of bis-C 60 /clay hybrids are composed of three nitrogen species occurring at 403.0, 401.8, and 400.0 eV. The existence of the new nitrogen species at 400.0 eV is attributed to neutral amine groups (-NH 2 ). 39, 40 These groups are probably produced from deprotonation of the terminal alkylammoniums. The peaks arising from the pyrrolidinium nitrogen (403.0 eV) and of the terminal ammonium groups (401.8 eV) show, within the limit of error, the same binding energy values before and after the incorporation into the phyllomorphous matrix. Since chloride and iodide (counterions in untreated bis-C 60 ) are absent in the bis-C 60 /clay nanocomposites and the binding energy values are indicating that the nitrogen groups present are still positively charged, it can be concluded that bis-C 60 is strongly attached to the negatively charged siloxane surfaces of the clay minerals. According to our recent XPS studies on fullerene derivatives, 38 the type of the counterion of the pyrrolidinium nitrogen has no influence on the binding energy, which, in fact, gives additional support to the above finding. However, the peak at 400.0 eV resulting from the deprotonated ammonium group (-NH 2 ) in all three bis-C 60 /clay composites is not present in the pure bis-C 60 . As shown in Table 3 , the relative area of the signal at 400.0 eV is increasing from 29% in bis-C 60 /SWy to 36% in the bis-C 60 / KUN and to a maximum of 44% in bis-C 60 /Lap, corresponding to a reduction of the peak at 401.8 eV (21, 10 , and 7%, respectively). This different behavior can be explained by the fact that the three smectites show different base activity in aqueous dispersions. Laponite in the aqueous suspension of our experiments is more basic (pH ) 9.8) compared to KUN (pH ) 9.0) and SWy (pH ) 7.8) suspensions of the same clay concentrations (0.02 wt %). The high pH causes deprotonation of the terminal ammonium groups of the flexible chains, while the pyrrolidine nitrogens remain unaffected. Thus, in the case of Laponite, almost 90% of the ammonium groups are depro- tonated. The deprotonation is also high in KUN (almost 70%).
In the case of SWy, the more acidic environment keeps the deprotonation degree lower (60%) in comparison with the other two smectites. The information derived from these data is that the pyrrolidine group plays an important role for the insertion of bisadduct since the terminal ammonium can be partially deprotonated. This, actually, explains the high amount of loading of bis-C 60 in the final composite materials since not all the nitrogen groups are positively charged. Additionally, we wish to emphasize that the -NH 2 derived XPS peaks are broader than the experimental resolution. This points to the existence of different components which cannot be resolved and which correspond to slightly different chemical environments for the nitrogen. Such a picture perfectly agrees with the hypothesis of a turbostratic order of the clay layers advanced before to explain the XRD data. Undeniable proof for the successful intercalation of bis-C 60 in the interlayer space of the clay minerals comes from the HighResolution Transmission Electron Microscopy images. Figure  6 shows the HRTEM images of the bis-C 60 /KUN (a) and the bis-C 60 /SWy (b) nanocomposites. Both images show spherical objects imaged by dark circles with white dots in their centers that are consistent with C 60 spheres intercalated between the clay platelets (for example, along the white arrows numbered from 1 to 4 in Figure 6a or along the black arrows in Figure  6b ). It is not so evident to image the fullerenes due to the defocus and their small size; however, the size of the dark circles corresponds to the C 60 diameter. To illustrate this fact, the comparison is made with fullerene C 60 encapsulated in carbon nanotubes packed into bundles (inset image without number in Figure 6a and image inside the white inset in Figure 6b ). The intersheet separation estimated from both images is in agreement with the XRD findings, while the high degree of stacking of the clay platelets, for both nanocomposites, is also confirmed. The bis-C 60 molecules are not always centered with respect to neighboring clay platelets, as shown in inset images of Figure   6a ; in image 1, the C 60 sphere is in the center; in image 2, it is closer to one clay sheet, and in image 3, it is close to the other sheet.
Atomistic simulations can probe the interactions present in the composites. A number of initial structures were generated with coiled and uncoiled side chains of the bisadduct by rotation about the principal axis of inertia of the molecule. Unphysical structures, such as those requiring a very large interlayer distance, were discarded. For each of the 23 remaining structures (i) the 4 Na + closer to the ionic sites of the molecule were removed from the clay surface to reach cell neutrality, and (ii) a series of geometry optimizations starting from different c axis values (in steps of 0.5 Å at most) were performed. The results were considered stable when the same minimum was reached from interlayer distances larger and smaller than the final optimized one.
The minima have been found at an interlayer separation of ∼11 Å, in fair agreement with the experimental value of ∼9.2 Å. This is similar to what was found for pristine C 60 . 21 The optimized structures cover a range of 104 kcal mol -1 . Figure 7 shows a cartoon with the main structural features of the more stable structures. Analysis of the structures shows that (1) the pyrrolidinium ions tend to interact with the same layer; (2) the ammonium ions tend to interact with the layer opposite to that of their pyrrolidinium; and (3) alkyl chains tend to interact with the clays.
The three propensity rules are in order of importance. With respect to the interactions with the surface, the low energy structures are characterized by large stabilizing interactions of the pyrrolidinium ions and the alkyl chain. The ammonium ions instead have sizable Coulombic interactions balanced by strong repulsion or low Coulombic interactions and weak repulsion. The high energy structures are obtained when the pyrrolidinium ions cannot establish binding Coulombic interactions.
The effect of additional intermolecular forces, when more than a single bis-C 60 intercalates the layers, was explored with a larger cell of 1928 atoms and four embedded molecules. Figure  8 shows three illustrative cases obtained with extensive optimization and molecular dynamics simulations. To generate the structure, three criteria were followed. The first maximizes cage-cage and chain-chain interactions (Figure 8a ). In the second, the alkyl chains are coiled around the cage and point in opposite directions (Figure 8b) . The third is similar to the second, but the chain ends point to the same side of the cage (Figure 8c ). Of the 18 structures that were generated with these criteria, the most stable is of the type given in Figure 8c and the second most stable is of the type given in Figure 8a . The two structures were also subjected to 100 ps of molecular dynamics, and the last snapshots are shown in Figure 9 .
Although the three propensity rules obtained for the single intercalation are conserved, one should also add the preference of the side chains to interact with each other, a feature that appears clearly in Figure 9b , which is relative to the most stable structure.
To gain insight into electronic interactions (i.e., between individual bis-C 60 or with the local clay environment), we tested the fullerene triplet excited state features and lifetimes in the bis-C 60 /clay nanocomposites. In this context, we photoexcited the nanocomposite filmssdeposited onto a quartz substrates with short 355 nm laser pulses. Differential absorption changes, recorded with different time delays (i.e., 4.5 × 10 -7 , 1.9 × 10 -6 , 8.6 × 10 -6 , and 2.1 × 10 -5 s), are shown in Figure 10 and exhibit a strong maximum at 680 nm. In particular, they resemble the triplet-triplet features of bis-C 60 in homogeneous aqueous solutions or in organic environments. Far more important is, however, the triplet lifetime since it reflects electronic interactions (i.e., annihilation or energy/electron transfer quenching processes). We derived a monoexponential triplet lifetime of 23 µs (Figure 10 ) for the intercalated bis-C 60 in Laponite. This value is (i) much longer than that typically seen in fullerene aggregates/clusters (i.e., submicroseconds), 41 (ii) in reasonable agreement with individual fullerene derivatives probed under similar conditions (i.e., concentration, laser intensity, temperature, etc.), 42 (iii) somewhat shorter than those found under conditions where bimolecular decay channels should be unimportant (i.e., ∼50 µs). 43 In summary, our photophysical measurements help to corroborate the detailed microscopic investigation. In particular, the long-lived nature of the triplet excited states correlates well with the intercalation of individually and electronically separated bis-C 60 molecules into smectite clays. Aggregates of bisfulleropyrrolidinium salts or electronically interacting fullerenes, on the other hand, would consequence triplet lifetimes on the order of only a few nanoseconds, due to rapidly occurring annihilation processes.
Conclusions
In conclusion, we have described the insertion and the subsequent behavior of a water-soluble bis-C 60 into the interlayer space of three aluminosilicate-layered materials. Intercalation was performed in aqueous suspensions through a simple cation exchange reaction, and the final nanocomposites were characterized by several techniques. The bis-C 60 molecules are lying in the interlayer space of the phyllomorphous materials, while the type of the host layered material strongly influences the chemical form, the amount, and the conformation of the guest fullerene molecules in the final composite materials. The reported materials constitute a new hybrid system and open new perspectives for the design and construction of novel C 60 -based organic/clay hybrid materials.
